To understand the immune response to infection by tuberculosis and leprosy bacilli and to develop improved vaccines, the nature of antigens that are involved in humoral and cell-mediated immunity was investigated. We have determined that five immunodominant protein antigens under study are homologues of stress proteins. This finding and observations with other pathogens suggest that infectious agents may respond to the host environment by producing stress proteins and that these proteins can be important immune targets. We postulate that abundant and highly conserved stress proteins may have "immunoprophylactic" potential for a broad spectrum of human pathogens.
Mycobacterium tuberculosis and Mycobacterium leprae are the etiologic agents of tuberculosis and leprosy, respectively. These diseases afflict 20-30 million people and continue to present a significant global health problem (1, 2) . To develop more effective tools for the diagnosis and prevention of these diseases, it is important to understand the immune response to infection by mycobacterial pathogens.
The antibody and T-cell responses to infection or inoculation with killed mycobacteria have been studied in humans and in animals. Human patients with tuberculosis or leprosy produce serum antibodies directed against at least 12 mycobacterial proteins. Some ofthese proteins are also recognized by well-characterized murine monoclonal antibodies. Mice immunized with mycobacterial lysates produce antibodies that are directed predominantly to six M. tuberculosis and six M. leprae protein antigens (3, 4) . Genes encoding these 12 mycobacterial antigens have been cloned (5) (6) (7) , and recombinant proteins produced from these clones have been used to investigate the human T-lymphocyte response to mycobacterial infection.
Protection against mycobacterial disease involves cellmediated immunity (1, 8) . T lymphocytes cloned from patients or from volunteers immunized with killed mycobacteria have been tested for their ability to recognize the recombinant mycobacterial proteins. Lymphocyte-proliferation assays demonstrate that most of the antigens identified with monoclonal antibodies are involved in the T-cell response to mycobacterial infection or vaccination in mice (9, 10) and in humans (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Limiting dilution analysis indicates that 20% of the mycobacterial-reactive CD4+ T lymphocytes in mice immunized with M. tuberculosis recognize a single protein, the 65-kDa antigen (9) .
In view of the involvement of these proteins in humoral and cell-mediated immune responses, we wished to obtain clues to the functions of these proteins in the mycobacterial cell and to sequence the DNA encoding several of the M. tuberculosis and M. leprae antigens. § We report here that many of these mycobacterial protein antigens exhibit striking sequence similarity to known stress-induced proteins and discuss the implications of this observation.
MATERIALS AND METHODS
Recombinant DNA Clones. The isolation and characterization of M. tuberculosis and M. leprae Agtll genomic DNA clones with murine monoclonal antibodies have been described (5, 6) . DNA was isolated from these clones and was manipulated by standard procedures (21) .
DNA Sequence Analysis. DNA was subcloned into vector M13mp18 or M13mpl9 (New England Biolabs) as suggested by the supplier. Dideoxynucleotide chain-termination reactions and gel electrophoresis of the sequenced products were as described (22) . DNA sequences were determined for both strands of DNA. Computer analysis of sequences with UWGCG programs was as described by Devereux et Overnight cultures of E. coli strains in Luria-Bertani (LB) medium were centrifuged and resuspended in isotonic phosphate-buffered saline at a cell density corresponding to an absorbance of20 at 600 nm. An equal volume of sample buffer containing 2% (wt/vol) NaDodSO4 was added, and, after heating on a boiling water bath for 2 min, 5-,ul samples were electrophoresed on 12% (wt/vol) polyacrylamide gels in the presence of NaDodSO4. Blots were prepared by electrophoretic transfer of the proteins to a nitrocellulose membrane, and binding of monoclonal antibodies was assayed with a peroxidase-conjugated secondary antibody as described (27) .
RESULTS AND DISCUSSION
Six M. tuberculosis and six M. leprae proteins have been implicated in the immune response to the mycobacterial pathogens (Table 1) . To obtain clues to the normal cellular function of several of these mycobacterial antigens, DNA clones encoding these proteins, isolated by using monoclonal antibodies to probe Agtll libraries (5, 6) , were subjected to sequence analysis. The sequences elucidated have been submitted to the GenBank sequence database. §
The Mycobacterial 71-kDa Antigen. The 71-kDa antigen of M. tuberculosis is recognized by human T cells during infection ( Table 1 ). The insert DNA of Agtl1 clone Y3271 (5) §The sequences for these proteins have been deposited in the EMBL/GenBank data base (IntelliGenetics, Mountain View, CA, and Eur. Mol. Biol. Lab., Heidelberg) (accession no. J03838-J03840).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (28) (Fig. 1 ). Fig. 2A shows the extent of sequence similarity between portions of the mycobacterial and the E. coli 70-kDa polypeptides. Sequences transcriptionally downstream from the mycobacterial 71-kDa gene predict a 356-amino acid protein homologous to the E. coli dnaJ gene product (unpublished data), indicating that the E. coli dnaK-dnaJ operon structure is conserved in M. tuberculosis and consistent with the conclusion that the mycobacterial 71-kDa antigen is a homologue of the E. coli dnaK gene product. The product of the dnaK gene is a member ofthe 70-kDa heat shock protein family that is highly conserved among prokaryotes and eukaryotes (28, 29) .
The M. leprae 70-kDa antigen cross-reacts with monoclonal antibodies directed to the M. tuberculosis 71-kDa protein (27) (Fig. 3) . We with the plasmid pND5 (22) , which contains the E. coli groE genes, accumulate large amounts of the 60-kDa protein (Fig.  3) , A comparison of the mycobacterial 65-kDa protein sequences with those determined for E. coli groEL (C. Woolford, K. Tilly, C. Georgopoulos, and R.H., unpublished data) revealed 60% amino acid sequence identity. The extent of this sequence similarity is shown in Fig. 2B . The 60-kDa GroEL protein is a major stress protein in E. coli (29) . There is some evidence that the mycobacterial 65-kDa proteins accumulate in response to stress; Mycobacterium bovis BCG (bacillus Calmette-Gudrin) cultures grown in zinc-deficient medium are substantially enriched in this protein (14) . We (23) with the window set at 12 and the stringency at 6. The matrices indicate sequence similarity between portions of the M. tuberculosis 71-kDa antigen (residues 1-204; TB 71 kDa) and the E. coli DnaK protein (residues 430-639) (A) and the M. tuberculosis 65-kDa antigen (residues 1-540; TB 65 kDa) and the E. coli GroEL protein (residues 1-547) (B).
proteins. Some stress proteins, including the products of dnaK and groEL, are major constituents of the cell under normal growth conditions and are induced to even higher levels during stress (29, 33) . In retrospect, the fact that stress-related proteins are targets of the immune response could have been anticipated. One might expect that immunodominant antigens would be found among such abundant proteins.
Although the function of stress proteins is not entirely clear, it appears that some participate in assembly and structural stabilization of certain cellular and viral proteins (33) (34) (35) (36) , and their presence at high concentrations may have an additional stabilizing effect during exposure to adverse conditions. Phagocytic host cells produce a hostile environment for foreign organisms, and the ability to produce stress proteins has been implicated in the survival of bacterial pathogens within macrophages (37, 38) . We postulate that these abundant proteins are then among the major antigens available for presentation to T lymphocytes and that this may contribute to their antigenicity.
Stress proteins may be common immune targets in a broad spectrum of infectious diseases. Sequence analysis has revealed 70-kDa heat shock protein homologues among major antigens of the protozoan parasites Plasmodium falciparum (39) and Schistosoma mansoni (40) and the filarial parasite Brugia malayi (41 
